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ransposition of the great arteries (TGA) with T atrial situs solitus and d-loop ventricles occurs 
in 20-30 per 100,000 live births and accounts for 
nearly 10% of congenital heart disease in infants. 
The parallel and separated pulmonary and systemic 
circulations result in severe cyanosis. Survival, even 
for a short period, depends on either a patent fora- 
men ovale or  a ventricular septal defect (VSD) to 
allow mixing of pulmonary and systemic venous re- 
turn and adequate systemic oxygen delivery. Most 
neonates with TGA have no extracardiac congenital 
defects. With the exception of the malpositioned 
great vessels and a VSD in 25%, the heart itself 
is well formed with balanced ventricles and well- 
developed, competent atrioventricular valves. The 
straightforward physiologic problem and the ex- 
tremely poor natural  history has inspired many at- 
tempts at treatment. The history of intervention for 
TGA parallels that of heart surgery in general, lack- 
ing not imaginative solutions, but rather the techno- 
logical ability to make them possible. As each ad- 
vancement in heart surgery developed, i t  was quickly 
applied to patients with TGA. 
Before the development of extracorporeal circula- 
tion, palliation of TGA presented a daunting task. The 
Blalock-Hanlon atrial septectomy or one of its modifi- 
cations provided improved mixing but inadequate relief 
of cyanosis, and the accelerated development of pulmo- 
nary vascular obstructive disease even with an intact 
ventricular septum (IVS) resulted in limited survival. 
More sophisticated closed approaches included the 
Baffes procedure, in which the inferior vena cava was 
routed to the left atrium and the right-sided pulmonary 
veins were connected to the right atrium.2 This opera- 
tion achieved partial physiologic correction by redi- 
recting blood at the atrial level. In  the early 1950s, 
Mustard, using an extracorporeal circuit with a mon- 
key lung oxygenator, was the first to attempt switching 
of the great arteries combined with coronary artery 
transfer.3 These first attempts at the arterial switch 
operation (ASO) failed because of inadeynate cardio- 
pulmonary support and poor understanding of the 
importance of left ventricle preparation. Subsequent 
efforts targeted physiologic correction by switching ve- 
nous return at the atrial level. In 1954, Albert demon- 
strated the feasibility of atrial-level switching in an 
animal model.4 Senning reported the first successful 
atrial-level correction in 1959.’ Using flaps of the atrial 
septum and right atrial free wall, baffles were created 
to redirect systemic venous blood to the left ventricle 
and pulmonary venous blood to the right ventricle. The 
Senning procedure, although elegant and ingenious, 
proved difficult for other surgeons to reproduce. In 
1964, Mustard reported an atrial-switching procedure 
in which the atrial septum was completely excised and 
an atrial patch baffle placed to redirect venous return.6 
The atrial corrective procedures were carried out in 
infancy following neonatal palliation, specifically enlarge- 
ment of the atrial septal defect. Neonatal palliation was 
greatly simplified and the field of interventional cardiol- 
ogy initiated by the development of balloon atrial septos- 
tomy by Raslcind and Miller in 1966.’ 
Late problems after the atrial switch included ar- 
rhythmias, obstruction of the venous channels, and, 
particularly in patients with a VSD failure of the sys- 
temic ventricle and tricuspid valve insufficiency. These 
problems continued to support enthusiasm for devel- 
opment of an arterial-level anatomic correction. Jatene 
first successfully performed correction of TGA at the 
arterial level in 1975 in a patient with TGA and a VSD.8 
The presence of a VSD ensured that the left ventricle 
was exposed to systemic pressure and prepared to per- 
form systemic work. In the fetus, both ventricles con- 
tribute to systemic output, and even with an IVS, both 
ventricles are equally prepared to support systemic 
pressure in the early newborn period. Within a few 
weeks after birth, as pulmonary vascular resistance 
drops, the pulmonary ventricle adapts to the lower 
pressure load and starts to lose muscle mass. The need 
to intervene before deconditioiling of the left ventricle in 
patients with TGA and IVS led to the development of the 
neonatal ASO.’JO As techniques were refined and post- 
operative management became more proficient, the re- 
sults of the AS0  improved; today, the procedure car- 
ries low mortality. This is facilitated by the fact that 
most patients with TGA have an intact ventricular 
septum, anterior-posterior position of the great vessels, 
and a common coronary artery branching pattern, 
which is present in 70% (i.e., the left main coronary 
artery arises from the left-facing sinus and gives rise to 
the left anterior descending and circumflex coronary 
arteries, and the right coronary artery arises alone 
from the right-facing sinus). These neonates have 
formed a more or less uniform population of patients 
requiring neonatal open-heart surgery, carried out 
with excellent early results and long-term outcomes. 
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Preoperative Management and Tiining 
of Surgery 
The newborn with TGA and IVS usually requires a 
balloon atrial septostomy for relief of severe cyano- 
sis. Prostaglandin E, is administered to maintain 
ductal patency and to continue to expose the left 
ventricle to systemic pressure. Maintenance of ductal 
patency also increases arterial saturation b y  increas- 
ing pulmonary blood flow and left atrial filling, which 
results in improved atrial level mixing. An A S 0  
should be performed within the first 2 weeks of life, 
when the left ventricle is prepared. After 2 weeks, 
left ventricular muscle mass decreases in an unpre- 
dictahle fashion, impeding its ability to  maintail1 
normal cardiac output when attavhed to the systemic 
vascular bed. 
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SURGICAL TECHNIQUE 
1 Typical anatomy of TGA with the great vessels oriented anterior-posterior. The 
coronary pattern is the most common form, with the left anterior descending coro- 
nary and the circumflex arising from the left facing sinus and the right coronary 
artery arising from the right facing sinus. Before cannulation for cardiopulmonary 
bypass, the aorta is separated from the main pulmonary artery, and the branch 
pulmonary arteries are mobilized to their first branches. Marking sutures are placed 
in the pulmonary root at the anticipated implantation sites for the coronary arteries. 
The arterial cannula is placed in the distal ascending aorta near the origin of the 
innominate artery. Placing the aortic cannula as far cephalad as possible provides 
the greatest exposure of the base of the heart. Bicaval cannulation is used to avoid the 
need for circulatory arrest. The superior vena cava is cannulated directly, and 
cannulation of the inferior vena cava is achieved with a pursestring suture in the low 
right atrial freewall. With commencement of cardiopulmonary bypass, the ductus 
arteriosus is ligated proximally and distally and then divided. A vent is placed into 
the left ventricle, and an antegrade cardioplegia cannula is placed in the ascending 
aorta. The aorta is cross-clamped, and cold blood cardioplegia is delivered via the 
aortic root for initial arrest, after which any intracardiac defects are repaired. After 
the aorta is divided additional doses of antegrade blood cardioplegia are given 
directly in the coronary ostia using soft silastic catheters. When aortic root recon- 
struction is completed, a last dose of cardioplegia is given through the aortic root to 
verify suture line hemostasis. 
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2 After the intracardiac defects are repaired, the 
aorta is transected 2-3 mm cephalad to the conimis- 
sures of the aortic valve. The coronary ostia are 
examined and excised with a button of sinus aorta. To 
obtain an adequate button, the aortic wall is incised 
close to the leaflet attachment of the aortic valve. The 
proximal coronary arteries are mobilized to allow 
transfer of the coronary buttons to the pulmonary 
root. Needle-tip cautery at  a low setting facilitates 
mobilization of the proximal coronary arteries. 
3 Here the pulmonary artery has been divided, 
and the marking sutures indicate the implantation 
sites of the coronary buttons (A). The marking su- 
tures help ensure proper alignment of the reim- 
planted coronary arteries. Medially based trap door 
incisions are made in the pulmonary root for coro- 
nary button implantation (B). The trap door incisions 
minimize the rotation of the proximal coronary arter- 
ies. The coronary buttons are sewn in place using 7-0 
polypropylene sutures (C). I t  should be noted that the 
reimplanted coronary ostia will occupy a more ceph- 
alad position, with respect to the neoaortic valve, 
than they occupied in the native aorta. Furthermore, 
in cases where the proximal coronary artery has a 
redundant course, the coronary button may be placed 
even more cephalad than shown to prevent kinking of 
the proximal coronary artery. 
@ 
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4 An oblique incision, rather than a medially based 
trap door incision, sometimes allows better alignment of a 
coronary artery, particularly if it has a long tortuous 
course with minimal attachment to the epicardium. We 
have often used an oblique incision for reimplantation of 
the right coronary artery and a medially based trap door 
incision for the left coronary artery in patients with the 
typical anatomy of TGA. After the pulmonary artery is 
divided, the incisions for implantation of the coronary 
buttons are planned and the marking sutures indicate the 
site of those incisions (A). Here an oblique incision has been 
made for reimplantation of the right coronary button and a 
medially based trap door incision made for the left coro- 
nary button (B). When an oblique incision is used, the 
coronary button is rotated slightly so that the inferiormost 
point of the coronary artery button is placed at  the apex of 
the oblique incision (C). 
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Pericardial 
hood 
5 When both coronary arteries arise from a single sinus of Valsalva, an intramural course of the 
proximal coronary artery should be suspected (A). To obtain an adequate cuff of sinus aorta, 
separating the commissure of the aortic valve from the aortic wall may be necessary. When both 
coronaries arise from the same sinus of Valsalva and there is an intramural course, the ostium of 
the coronary vessel is frequently slit-like. Cutting back the origin and incising the common wall 
between the aorta and the coronary artery enlarges the ostium of the intramural coronary (B). I t  
is often possible to separate the two ostia and implant them individually (C). Even after enlarge- 
ment of a slit-like ostium, transfer of a coronary artery with an intramural course can be difficult. 
To prevent kinking of an intramural coronary, transfer of the coronary button is achieved by 
rotating the button superiorly (D). To decrease the amount of rotation required and prevent 
kinking of the proximal coronary artery, a hood of autologous pericardium or pulmonary ho- 
mograft patch is used (E). 
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Pericardial 
hood 
6 When both coronaries arise from the same sinus of Valsalva and the coronary ostia are too 
close together to allow safe separation and provide adequate adjacent aortic sinus tissue for 
reimplantation (A), both coronary ostia can be excised as a single large button (B). This button is 
rotated superiorly to prevent kinking of the proximal coronary arteries (C). A hood of autologous 
pericardium or pulmonary homograft patch is used to minimize the rotation required (D). 
7 A closed technique is useful when a single coronary is encountered or the great vessels lie side 
by side and a large portion of the left coronary system arises from the right sinus of Valsalva and 
courses posterior to the pulmonary artery (A). The coronary button is excised as in the open 
technique. The pulmonary artery is divided, and the anterior commissure of the pulmonary artery 
is marked externally with a suture. The LeCompte maneuver is performed, then the distal 
ascending aorta is anastamosed to the proximal pulmonary root (B). The marking suture helps 
identify the pulmonary valve and the position of the sinus of Valsalva during subsequent coronary 
artery reimplantation. The root is then distended either by cardioplegia injection or by unclamping 
the aorta. The appropriate site for implantation of the coronary artery is then determined by 
positioning the coronary button over the distended root (C). The optimal site should allow 
reimplantation without kinking of either branch of the coronary artery. Often some rotation of the 
button is required (D). The coronary artery button is implanted with 7-0 polypropylene suture. 
TRAhhl’OSlTlON OF THE GREAT ARTERIES 57 
B 
C 
8 A pericardial patch extension can be helpful 
when the great arteries lie side by side and the right 
posterior-facing sinus gives rise to a coronary artery 
with early branching, particularly when one of the 
branches supplies a large portion of the left ventricle 
and has a retropulmonary course. The pulmonary 
artery is transected, and the incisions for reimplan- 
tation of the coronary buttons are planned (A). Me- 
dially based trap door incisions are created (B). The 
pericardial patch extension of the coronary ostial 
button alIows the rotation of the coronary artery 
through a smaller angle (C); this keeps the coronary 
artery closer to its original anatomic position and 
prevents kinking of either branch. 
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9 When the great arteries have a side-by-side arrangement and a single coronary artery arises 
anteriorly with early branching, mobilizing a button and reimplanting the coronary artery may be 
difficult without comprising one of the branches. In this case, we have elected to tunnel the 
coronary artery through the aorta to the pulmonary artery or neoaorta. After the aorta and 
pulmonary artery are divided, the LeCompte maneuver is performed and the distal ascending aorta 
anastomosed to the pulmonary root (A). Both proximal great vessels are left slightly longer than in 
the standard open technique to facilitate construction of the tunnel. An aortopulmonary window is 
created between the great arteries at their “kissing point” (B and C). Autologous pericardium or 
pulmonary homograft patch is used to create a tunnel from the coronary ostium to the pulmonary 
artery or neoaorta (D). 
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10 With the open technique, after the coronary arteries 
have been reimplanted and the LeCompte maneuver has 
been performed, the distal ascending aorta is anastamosed to 
the proximal neoaortic root. 
/ Homograft patch 
Pulmonary 1 1 The sites of coronary ostia excision are repaired using 
a generous patch of autologons pericardium or pulmonary 
homograft patch. A single patch is used, allowing for addi- 
tional augmentation of the proximal neopulmonary root. 
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13 The Rastelli operation is performed in patients with 
TGA and significant left ventricular outflow tract obstruc- 
tion. A vertical ventriculotomy is made in the outlet portion 
of the right ventricular free wall to expose the VSD and for 
the proximal attachment of the right ventricular artery-to- 
pulmonary artery conduit. 
12 
mosed to the reconstructed neopulmonary root. 
The distal pulmonary artery confluence is anasto- 
/ Neoaorta 
Neopulmonary 
artery 
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14 Occasionally the VSD must he enlarged to avoid left 
ventricular outflow tract obstruction in the left ventricle-to- 
aorta tunnel (A). Enlargement of the VSD is performed at the 
anterior superior niargin to avoid injury to the posteriorly 
and inferiorly positioned conduction system (B). The VSD 
patch is sewn in place to create a connection between the left 
ventricle and the anteriorly positioned aorta (C). A tube 
graft of either woven polyester (Dacron) or polytetrafluoro- 
ethylene (Gore-Tex) can be used for the VSD patch, although 
we generally use simple polyester patch material. The VSD 
patch can be secured with interrupted stitches or by a con- 
tinuous suture technique. When placing stitches, care must 
be taken to avoid injury to the condnrtion system along the 
posterior-inferior margin of the VSD. 
system 
-9 VSD’patch 
/by \ 
15 Once the VSD patch has been completed connecting 
the posterior left ventricle with the anteriorly positioned 
aorta, the pulmonary artery is divided. I t  is extremely im- 
portant that both the pulmonary valve and the pulmonary 
artery be closed to prevent the presence of a dead space 
above the pulmonary valve that may be a nidus for thrombus 
formation and result in a systemic embolus. 
62 TWEDDELL A N D  LITWIN 
16 A valved conduit, usually a pulmonary homograft, is 
used to connect the right ventricle and the pulmonary artery. 
We generally use a pulmonary homograft two standard devi- 
ations larger than the normal-sized pulmonary annulus for 
that patient. Achieving a good size match at  the distal anas- 
tomosis between the homograft and pulmonary artery can be 
difficult with a very large homograft. Making up a large size 
discrepancy between the usually smaller-than-normal pulmo- 
nary arteries and a very large homograft can lead to distortion 
and pursestringing of the suture line, resulting in stenosis. 
Care also must be taken to not leave the homograft too long, 
which can cause kinking of the conduit and produce obstruc- 
tion. After the homograft is trimmed to the appropriate 
length, the distal anastomosis between the homograft and the 
pulmonary artery confluence is completed with 6-0 polypro- 
pylene suture (A). The proximal connection is completed b y  
suturing the posterior one-third of the homograft to the supe- 
rior portion of the ventriculotomy (B) and completing the 
anastomosis with a hood of polytetrafluoroethylene (C). 
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Postoperative Care 
The goal of postoperative care is to achieve adequate 
oxygen delivery to meet tissue metabolic demands. A 
period of decreasing cardiac output in the postopera- 
tive AS0 patient has been well described and is to he 
expected. I ’  The patient after AS0 will exhihit the pre- 
dictable diastolic dysfunction, requiring increased fill- 
ing pressure to achieve adequate preload. Even for a 
patient undergoing surgery in the newborn period, left 
ventricular systolic dysfunction may occur, necessitat- 
ing afterload reduction. Afterload reduction can be 
accomplished with milrinone, a phosphodiesterase in- 
hibitor that has both inotropic and vasodilatory prop- 
erties. Additional afterload reduction can be achieved 
with nitroprusside. For this purpose, we have used 
phenoxybenzamine, an  alpha-blocking agent with a 
long half-life, which provides stable, long-acting after- 
load reduction in addition to achieving a pharmacologic 
sympathectomy. This drug is especially beneficial for 
patients with TGA and IVS who present beyond the 
newborn period, allowing us to proceed to a primary 
switch operation up to 8 weeks of age. In  this group and 
other complex AS0 patients, we have relied on contin- 
uous venous saturation monitoring to measure the ad- 
equacy of systemic oxygen delivery. As long as the 
venous saturation remains above 60% and urine output 
is satisfactory, neonates tolerate a systolic blood pres- 
sure as low as 45-50 mm Hg. The left ventricle quickly 
adapts to the increased pressure load, and this degree 
of afterload reduction is necessary for only 2 or 3 days. 
The long half-life of phenoxybenzamine combined with 
sympathetic blockade prevents abrupt increases in sys- 
temic vascular resistance associated with stress or pain 
that can occur with the use of nitroprusside and even 
milrinone. Because right ventricular function is gener- 
ally well preserved, an abrupt increase in systemic 
afterload can cause acute left ventricular distension 
and abrupt hemodynamic decompensation. Other 
strategies to blunt the sympathetic response include 
continuous infusions of narcotics, benzodiazepams, 
and neuromuscular blockade. Delayed sternotomy clo- 
sure may also be helpful in some patients after complex 
AS0 and may prevent the atypical tamponade physiol- 
ogy commonly seen in newborns after complex proce- 
dures. 
Results 
Improvements in the preoperative and postoperative 
care of the cardiac neonate and development of stan- 
dard techniques of coronary transfer have resulted in 
progressive improvement in the outcome after surgery 
for TGA. For patients undergoing ASO, operative mor- 
tality has continued to decrease and in experienced 
programs is less than 3% for patients with TGA with 
IVS. In the last 100 patients undergoing an AS0 (in- 
cluding those with VSD or more complex reconstruc- 
tion) at the Children’s Hospital of Wisconsin, there 
were 2 early deaths, for a hospital survival rate of 98%. 
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